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I. Introduction 
I 

Carbonization is the thermal  conversion of organic mater ia l s  to carbon 
and graphite. 
reactions and diffusion p rocesses  in both the liquid and solid state. 
sequence consists of the elimination of substituent atoms and groups from the 
organic molecule, aromatization, and subsequent polymerization to a la rge  
aromatic  carbon framework. 

The ove ra l l  transformation involves a complex se r i e s  of chemical 
The reaction 

I 

Any organic ma te r i a l  can be converted to carbon. Commercially,  syn- 
thetic carbon and graphite a r e  prepared f r o m  aromatic  start ing mater ia l s  such 
a s  coal t a r  pitch and heavy petroleum residues.  
largely of mixtures of compounds containing aromatic  hydrocarbon and he tero-  
cyclic s t ruc tures .  
mater ia l s  can be‘understood on the basis of the thermal  reactions of relatively 
few, representative a romat i c  hydrocarbons. This paper reviews previous work 
and a l so  presents  resu l t s  of o u r  recent s tud ies  of the carbonization of s eve ra l  
pure a romat i c  hydrocarbons. 

These raw mater ia l s  consist  

We have found that the carbonization behavior of complex raw 

11. Chemical Constitution of Pitch 

The carbonization of an organic ma te r i a l  proceeds through an initial 
aromatic  stage. 
during the pyrolysis of coal. 
chemical constituents of coal tar pitch. -’ 
hundred aromatic hydrocarbon and heterocyclic compounds. 
major  aromatic hydrocarbon components that have been quantitatively determined 
in a typical coal t a r  pitch. 
the en t i re  pitch. 
of hundreds of other aromatic  compounds. 

Coal t a r  pitch i s - an  example of such an aromatic  stage formed 

These compilations include seve ra l  
There haye y e n  numerous compilations of the 

I 
Table I l is ts  the 

The 13 s t ruc tu res  shown constitute 13. 6 percent of 
T t e  remainder  of the ma te r i a l  is composed of smal l  amounts 

111. The rma l  Reactivity and Aromatic S t ruc ture  

The aromatic  hydrocarbon components of pitch vary widely in  thermal  
reactivity. This t he rma l  reactivity is directly related to molecular structure.  
‘Table I1 compares the effect of chemical s t ruc ture  on the thermal  reactivity of 
a number of hydrocarbons. 
temperature  a t  which an init ial  reaction is  observed. 
corresponding ionization potentials derived f 
quencies of the longest wavelength p-bands. f3s It i s  apparent that t he rma l  
reactivity increases  with decreasing ionization potential. The presence of 
substituent groups on the aromatic  ‘ring can significantly a l te r  these thermal  
reactivit ies either by provi4$ng a reaction site, o r  by altering the relative bond 
strengths in the molecule. 

The the rma l  reactivity is indicated by the lowest 
Also l isted a r e  the 

m the optical absorption f r e -  
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Table I 

Some Aromatic Hydrocarbon Components of Coal Tar Pitch 
and their Occurrence in Weight Percent 

Acenaphthene Fluorene Anthracene + Phenanthrene 
0. 3 0. 1 1 .  2 

Flu0 r anthene Pyrene Methylphenanthrene Chr ye ene 
1 . 5 . '  1. 3 0. 3 2 . 7  

Benz - ( a) -anthracene Benzo-(a)-pyrene 3.4, 9, 10-Dibenzopyrene 
0. 7 3. 6 1. 5 

C oronene Picene 



Table 11 

Relation of Thermal Reactivity to Aromatic Structure 

Ionizatiut 
Aromatic Hydrocarbon Reaction Temp. ' C  Potential (oV) 
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IV. Effects of Chemical Structure on the Nature of the Final Graphite 

The heat treatment of organic mater ia ls  to 3, 000°C resul ts  in carbons 
possessing basically the graphite structure.  
properties of synthetic carbons obtained at  3, 000°C a r e  determined largely by 
the s t ructure  of the start ing material .  This effect i s  i l lustrated by the data in  
Tables 111 and IV which give the X - r a y  semilatt ice spacings for 3, 000°C carbons 
prepared f rom a variety of aromatic hydrocarbons: 

The degree of graphitization and the 

Table 111 includes well-graphitizing compounds which possess  c-spacings 
Table IV between 3. 354 and 3. 363A. 

l is ts  some poorly graphitizing materials.  
obtained for these mater ia ls  indicate a much more disordered carbon structure.  
I t  i s  not generally obvious f rom the initial chemical s t ructures  in Tables 111 and 
IV how well a given aromat ic  hydrocarbon w i l l  graphitize. 
5-membered ring aromatic hydrocarbon acenaphthylene yields a well-ordered 
graphite, while the highly symmetrical  molecule coronene gives r i s e  to a poorly 
ordered graphite. However, sterically overcrowded a nonplanar molecules 

Natural graphite has a c-spacing of  3. 354A. 
The high c-spacings,  3. 370 to 3 . 4 4 ,  

For  example, the 

generally lead to more  disordered graphite s t ructures .  Tps)  
V. Carbonization of Acenaphthylene and Terphenyl 

The chemical transformations which occur during carbonization can be 
aptly demonstrated by the coking behavior of two representative a romat ic  hydro- 
carbons, acenaphthylene (I) and p-terphenyl (II). Acenaphthylene produces an  
extremely well-graphitizing carbon, while p-terphenyl yields a disordered, 
nongraphitizing carbon. 

Acenaphthylene p- Te rphenyl 
(1 1 (11) 

As with al l  organic mater ia ls ,  the carbonization of these hydrocarbons 
involves the removal of substituent hydrogen and the polymerization of the a r o -  
matic carbon residue. 
for following these processes  a re :  elementary analysis, X-ray, and diamagnetic 
susceptibility. 

Three  methods which we have found particularly useful 

Figure 1 shows a plot of hydrogen content for acenaphthylene and 
p-terphenyl cokes versus  heat-treatment temperature.  
react  at  all below 500°C. Between 500°C and 700°C the decrease  in hydrogen 
content is more  rapid for the terphenyl, while above 700°C the acenaphthylene 
dehydrogenation proceeds faster  . 

The terphenyl does not 

Figure 2 presents some X-ray data obtained by Ruland(6' 7 ,  for the same 
s e r i e s  of samples.  
versus  temperature.  
800"C, followed by a much slower growth rate  a t  higher temperatures.  
acenaphthylene, the polymerization of a romat ic  laye s i s  much more  gradual 
below 700°C but eventually su rpasses  the terphenyl. f7 

The growth of average a romat ic  layer s ize ,  La, is plotted 
The terphenyl shows an extremely rapid growth of La to 

For  
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Table III 

Effects of Aromatic Structure on the 
c-Spacings of 3,OOO"C Carbons 

~~ ~ ~ ~ 

Structure 002, A Structure 

3 . 3 5 4  * 3. 357 z CH3 
I * 3.  358 

3. 356 

3. 356 

3. 356 

3. 358 

3. 358 

3. 363 



si 

Table IV 

Effects of Aromatic Structure on the 
c-Spacings 'of 3,000" C Carbons 

Structure 002, A Structure 002. A 

3. 371 

3. 373 

3. 385 

3. 41 

3.44 

3.  44 

\ 
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gure 3 contains a plot of magnetic susceptibility data obtained by 
Wagoner{' for  these two compounds heat treated to 3,  000°C. The terphenyl 
shows a slight decrease in X between 500" and 700"C, and then an increase  with 
temperature  to a maximum at 3, 000°C.  'The acenaphthylene shows a more pro-  
nounced dip in X between 500" and 800°C than observed for terphenyl. 
dec rease  in susceptibility is presumably due to a paramagnetic contribution from 
f r ee  rad ica ls .  The acenaphthylene exhibits a lower diamagnetic susceptibility 
than terphenyl up to about 1.6OO0C, while above this temperature  the aromatic 
layer growth is much more  rapid for acenaphthylene. 

This 

All these data indicate that the aromatic  polymerization process  is much 
inore rapid a t  low temperature  for  the more  disordered terphenyl system. How- 
ever,  the initially-formed polymers f rom terphenyl a r e  structurally not a s  
suitable for continued aromatic  growth to graphite a s  the much smal le r  polymers 
initially produced f r o m  acenaphthylene. 

The dehydrogenation - pol yme r i zat ion process  which le ads to the fo rma - 
tion of carbon is s t i l l  poorly understood. 
plotted in Figure 4. 
carbon and hydrogen atoms per  fused aromatic  molecule have been estimated .and 
plotted as  a function of temperature  for both acenaphthylene and terphenyl cokes. 
Also included i n  F igu re  4 is a theoretical  plot of carbon versus  hydrogen content 
for the most  highly condensed aromatic  hydrocarbon molecule. 
600°C the acenaphthylene and terphenyl curves fall close to the theoretical  line. 
The reactions occurring in this region appear to involve the removal of a hydro- 
gen atom from t h e  a romat i c  ring to f o r m  a simple f r ee  radical. 
above, multiple hydrogen a toms  a r e  eliminated leaving aromatic molecules with 
many unsubstituted edge sites.  
for acenaphthylene than for terphenyl. 

'This point is illustrated by the data 
F r o m  elementary analysis and X- ray  data, the number of 

Up to about 

At 700°C and 

This process  appears  to proceed more  readily 

The nature of the bonding of the f r ee  electrons in these molecvles is not 
clear.  The interpretation of electron spin resonance measurements  of mater ia l s  
in this r eg iq3 i s  complicated by the onset of e lec t r ica l  conductivity and magnetic 
anisotropy. 

VI. Chemical Reactions of Carbonization 

We can delineate the  kinds of chemical reactions which occur  during the 
ear ly  s tages  of coking by studying the carbonization of s eve ra l  aromatic hydro- 
carbons.  
subsequent course  of carbonization. There a r e  three  types of thermal  reaction 
processes  which a r e  important.  (1) dehydrogenation, ( 2 )  rearrangement,  and 
( 3 )  polymerization. These reactions do not proceed in  distinct steps,  but occur 
continuously throughout the coking process .  
follow. 

Their init ial  reactions lead to the intermediates which control the 

Several  examples of these reactions 

A. Dehydrogenation 

The initial reaction in carbonization involves the loss  of a hydrogen atom 
f r o m  an  aromatic hydrocarbon and leads to the formation of an aromatic  f r e e  
rad ica l  intermediate. 
detected by electron spin resonance. 
stable f r ee  radicals will r e a r r a n g e  o r  polymerize. The phenalenyl radical (111) 
is  an example of an extremely stable f r ee  radical produced by simple hydrogen 
dissociation reaction at room tempera ture .  

If the  f r ee  radical intermediate i s  stable, i t  can then be 
In the liquid state,  usually a l l  but the most 

/ 

I 

I 



3 3  

It c a n  be well characterized by i ts  simple ESR spectrum. 

The hydrocarbons fluoranthene and naphthalene polymerize directly with 
the direct  loss of hydrogen. 
tulated a s  intermediates in these reactions.  

The unstable f ree  radicals (IV) and ( V )  can be pos- 

In many instances the dehydrogenation of aromatic hydrocarbons appears 
to involve bimolecular hydrogen t r ans fe r  reactions. 

These reactions usually occur at  the most  reactive si te on the a romat ic  molecule. 
A typical hydrogen t r ans fe r  sequence i s  i l lustrated for the hydrocarbon naphthacene: 

Hydrogenated a romat '  
hydrocarbons a r e  often identified in the volatile products of carbonization. t,", 

+ .[ &] - + ( V I ) +  e 
H H  H H  

Dihydronaphthacene 
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The volatile 5,12-dihydronaphthacene i s  a major reaction product during'the 
initial s taees  of reaction. It i s  not c lear  whether the intense but unresolved ESR 

ved during the onset of pyrolysis of naphthacene is due to the ' rad-  
ical  (VI). 

It should be pointed out that i f  there is a carbon-carbon single bond 
available. thermal  cleavage will occur at this s i te .  
radical can then participate in hydrogen t ransfer  reactions. 
i l lustrated in the pyrolysis of 9.9'-bifluorene (VII). 

The thermally produced f r ee  
This reaction is 

(VII) (VIII) 

fluorene A9' 9'-bifluorene 

A t  about 260°C (VII) dissociate produce the fluorenyl radical (VIII). 
This species  has been detected by ESR. fztP At higher temperatures  a hydrogen 
t ransfer  reaction leads to  fluorene and As' +-bifluorene a s  the major  products. 
The reactive phenyl radicals  produced f rom the pyrolysis of terphenyl also 
undergo hydrogen t ransfer  processes ,  since benzene and biphenyl a r e  among the 
reaction products. 

B. Re arrangement Reactions 

Perhaps the most  complicating features  of the ear ly  s tages  of carboni- 
zation a r e  the the rma l  rearrangements  reactions.  
to predict  f rom the s ta r t ing  s t ructure  whether a given compound will produce a 
well-graphitizing o r  a disordered carbon. 
to a more  stabilized a romat i c  ring sys tem which can then become the building 
block for graphite growth. Several  examples of the the rma l  rearrangement  of 
aromatic  hydrocarbons follows. 

They often make it impossible 

Thermal  rearrangement  usually leads 

1. Conversion of As' +-bifluorene to tetrabenzonaphthalene. 
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2. Conversion of biacenaphthylidene to zethrene. 

-400°C 
___) +HZ 

'3. Formation of rubicene f rom A9' 9'-bifluorene. 

In some instances thermal  rearrangement  can involve a carbon-carbon 
bond cleavage within a condensed aromatic  ring. 
energy processes  and a r e  usually observed at  very high temperatures ,  a s  in vapor 
phase pyrolysis. 

These reactions a r e  higher 

C. Polymerization of Aromatic Radicals 

The formation of carbon involves the polymerization of aromatic  f r e e  
radicals. 
solid aroyattic polymers. 
process .  

These polymerizations usually initiate in the liquid phase and lead to 
This s tep is an important stage in the graphitization 

?T the Unlike conventional polymerization reactions which rapidly incre  
molecular size,  the aromatic  polymerization appears to proceed in steps. 
following examples show the formation of d imers  and t r i m e r s  during the first 
stages of polymerization'of aromatic radicals.  

The 
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The most 'important c r i t e r ion  for obtaining a well-ordered graphite is to 

"building blocks" f r o m  the standpoint of reactivity and s t e r i c  con- 
molecule such as zethrene meets  these requirements since i t  can 

polymerize a t  i ts  most reac t ive  positions and give r i s e  to  a condensed aromatic 
polymer without vacancies ( s e e  X) .  Nonplanar rad ica l  intermediates,  such a s  
those produced from A9' 4-bifluorene o r  p-terphenyl, lead to d isordered  aromatic 
polymers which never t ru ly  graphitize. 

1 
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VI:. Conclusions 

The formation of synthetic carbon and graphite involves the ther,mal 
The thermal  

More rapid reaction during the ea r ly  s tages  of 

dehydrogenation and polymerization of aromatic  hydrocarbons. 
reactivity and the course  of carbonization a r e  controlled by the s t ruc ture  of the  
start ing aromatic  molecule. 
carbonization usually leads to a more  disordered graphite s t ruc ture .  

Chemical studies on the pyrolysis of representative individual aromatic  
hydrocarbons show the importance of 3 types of thermal  chemical reactions: 
( 1 )  dehydrogenation, ( 2 )  rearrangement,  and ( 3 )  polymerization. The nature of 
the final graphite and the course of carbonization appear to be related to the 
s t ruc ture  and reactivity of the aromatic f r ee  radical intermediates,  which a r e  
the building blocks for subsequent carbonization and graphitization. 
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STRUCTURAL CHANGES ACCOMPANYING 
COKE CALCINATION 

M. P .  Whi t t ake r .  F. C .  Miller and H .  C .  

Great  Lakes Research Corporat ion 

INTRODUCTION 

F r i t z  

Although a voluminous number o f  a r t i c l e s  have been p u b l i s h e d  
on t h e  s t r u c t u r a l  changes o c c u r r i n g  i n  carbons upon h e a t  t r e a t m e n t  
over  a wide 12OO0C-280O0C t empera tu re  r ange ,  s i m i l a r  i n f o r m a t i o n  
f o r  t h e  narrow 500°C-12000C c a l c i n a t i o n  range is  r a t h e r  s p a r s e .  A 
f e w  a r t i c l e s l - 4  have been w r i t t e n  i n  which p r o p e r t i e s  such as den- 
s i t y ,  e l e c t r i c a l  r e s i s t i v i t y  and pore s t r u c t u r e  have been c o r r e l a t e d  
wi th  temperature  o f  c a l c i n a t i o n  and time a t  maximum tempera tu re .  I t  
i s ,  however, d i f f i c u l t  t o  r e l a t e  t h e  v a r i o u s  expe r imen ta l  r e s u l t s  
and conc lus ions  r e p o r t e d .  In  t h i s  s t u d y  t h e  p r o g r e s s i o n  o f  s t r u c -  
t u r a l  changes o c c u r r i n g  d u r i n g  t h e  c a l c i n a t i o n  of f o u r  raw coke 
samples from d i f f e r e n t  sou rces  was fol lowed u s i n g  h igh  t empera tu re  
microscopy t echn iques .  Concurrent w i t h  t h e  examinat ion o f  t h e  
t o p o g r a p h i c a l  f e a t u r e s ,  t h e  t r a n s f o r m a t i o n  o f  t h e  m i c r o s t r u c t u r e  
o f  t h e  carbons was s t u d i e d  by means o f  x - r a y  d i f f r a c t i o n  and mercury 
po ros ime t ry .  

EXPERIMENTAL 

The h igh  t empera tu re  microscopic  examinat ions were performed 
us ing  a L e i t z  Ortholux microscope equipped w i t h  a L e i t z  vacuum h e a t -  
i n g  s t a g e .  Thin p o l i s h e d  s e c t i o n s  (:0.03" t h i c k )  o f  t h e  cokes were 
p l aced  on a hollow g r a p h i t e  c y l i n d e r  encompassing a P t  + 10% Rh v s .  
P t  thermocouple which had been c a l i b r a t e d  a g a i n s t  t h e  m e l t i n g  p o i n t s  
o f  s e v e r a l  pu re  compounds. The sample and sample h o l d e r  were then 
r a d i a n t l y  hea ted  a t  a rate o f  ca .  30°C/minute i n  an i n e r t  atmosphere.  
A ho ld ing  t i m e  o f  5-10 minutes  was al lowed a t  each t empera tu re  t o  
e s t a b l i s h  the rma l  e q u i l i b r i u m .  Two r e p r e s e n t a t i v e  a r e a s  were s e l e c t e d  
from each sample and photographed a t  a m a g n i f i c a t i o n  o f  35X w i t h  
p a r a l l e l  and c r o s s e d  n i c o l s  i n  t h e  raw s t a t e ,  30OoC and a t  increments  
o f  100°C t o  1000.C. The dimensional  and s t r u c t u r a l  changes were 
ob ta ined  from l O O X  pho tograph ic  enlargements .  

t h e  raw cokes were p o l i s h e d ,  and s u i t a b l e  a r e a s  were s e l e c t e d  and 
photograehed a t  1 O X .  These samples were t h e n  s u c c e s s i v e l y  hea ted  
from 500 C t o  1200°C i n  100°C increments  a t  a r a t e  o f  S°C/minute. 

pore volume d i s t r i b u t i o n  i n  r e p r e s e n t a t i v e  samples of each coke as a 
f u n c t i o n  o f  h e a t  t r e a t m e n t .  The samples were c rushed  t o  10/20 mesh 
p a r t i c l e  s i z e  and d u p l i c a t e  measurements made on 0.5 g. samples.  

X-ray d i f f r a c t i o n  s t u d i e s  were c a r r i e d  o u t  employing a r eco rd ing  
d i f f r a c t o m e t e r  u s i n g  monochromatic Cu K- r a d i a t i o n .  C r y s t a l l i t e  s i z e  
va lues  were ob ta ined  u s i n g  t h e  S c h e r r e r  formula w i t h  K C l  as an i n t e r -  
n a l  s t a n d a r d .  

I n  a complementary microscopic  s tudy  r e l a t i v e l y  ' l a rge  lumps of 

A 15,000 p s i  Aminco mercury po ros ime te r  was used t o  o b t a i n  micro- 



~ ,' .. 
I< & 

RESULTS 

A t o t a l  o f  f o u r  cokes was s t u d i e d  i n  t h i s  i n v e s t i g a t i o n .  As 
i n d i c a t e d  by t h e  c h a r a c t e r i s t i c s  of t h e  f o u r  cokes l i s t e d  i n  Table  
I ,  t h e s e  samples a r e  r e p r e s e n t a t i v e  o f  an a n i s o t r o p i c  coke (sample 
A E B )  and an i s o t r o p i c  coke (sample C E D I .  The ash and s u l f u r  con ten t s  
and r e a l  d e n s i t i e s  of t h e  raw cokes r e p r e s e n t  t he  range of va lues  
g e n e r a l l y  encountered  w i t h  commercial cokes.  

The type  of  changes i n  topograph ica l  f e a t u r e s  which t h e  cokes 
underwent du r ing  c a l c i n a t i o n  as  r evea led  under t h e  hot  s t a g e  micro- 
scope a r e  i l l u s t r a t e d  i n  F igure  1. The s t r u c t u r e  of t h e  raw coke 
could  be determined only  wi th  t h e  a i d  of  p o l a r i z e d  l i g h t .  Heat ing 
t o  7 O O 0 C  produced ve ry  l i t t l e  change i n  t h e  appearance of  t h e  
po l i shed  s u r f a c e  of t h e  samples e x c e p t ,  perhaps ,  a s l i g h t  i n c r e a s e  
i n  t h e  width o f  e x i s t i n g  c r a c k s .  Suddenly a t  8 O O 0 C ,  t h e  d e t a i l e d  
s t r u c t u r e  o f  t h e  coke could  be observed under p a r a l l e l  n i c o l s .  
F u r t h e r  i n c r e a s e  i n  t empera tu re  r e s u l t e d  i n  p r o g r e s s i v e  opening 
of e x i s t i n g  c r a c k s ,  appa ren t  c r e a t i o n  of  a few small c r a c k s ,  and 
a n  obvious o v e r a l l  s h r i n k a g e .  However, t h e  b a s i c  macros t ruc tu re  
of t h e  ca l c ined  coke was e s s e n t i a l l y  t h e  same a s  observed i n  t h e  
raw coke under p o l a r i z e d  l i g h t .  The two i s o t r o p i c  cokes had a r e a s  
of p i t c h  and mesophase which melted upon h e a t i n g  above S O O O C  
producing voids  l i n e d  w i t h  h i g h l y  a n i s o t r o p i c  carbon.  

The magnitude of  t h e  dimensional  changes observed a s  a func t ion  
of  tempera ture  a i e  i l l u s t r a t e d  i n  F igure  2 r e p r e s e n t i n g  r e s u l t s  typ-  
i c a l  of an a n i s o t r o p i c  coke and i n  F igu re  3 f o r  a coke wi th  an 
i s o t r o p i c  s t r u c t u r e .  The cu rves  were p l o t t e d  from d a t a  ob ta ined  
wi th  t h e  h o t  s t a g e  (micro)  and from ambient tempera ture  measure- 
ments on t h e  coke lump samples  (macro).  Consider ing t h e  high 
tempera ture  microscopy expe r imen t s ,  i t  should be noted  t h a t  t he  
dimensional  changes r eco rded  inc lude  t h e  r e v e r s i b l e  thermal  expansion 
of  t h e  carbon as we l l  as sh r inkage .  The 1 .0% t o  2 . 5 %  l i n e a r  
expansion observed i n  a l l  of  t h e  coke samples upon h e a t i n g  t o  500°C 
i s  a m a n i f e s t a t i o n  o f  t h e  r e v e r s i b l e  expans ion .  Con t rac t ion  o f  t h e  
coke begins  a f t e r  5 0 0 O C  w i t h  t h e  maximum ra te  of  dimensional  change 
o c c u r r i n g  between 7 O O 0 C  and 80OoC. I t  is  a l s o  s i g n i f i c a n t  t o  note  
i n  t h i s  same tempera ture  range t h e  marked shr inkage  i n  t h e  d i r e c t i o n  
p e r p e n d i c u l a r  t o  t h e  n e e d l e  s t r u c t u r e  as compared t o  t h a t  occu r r ing  
p a r a l l e l  t o  t he  need le  s t r u c t u r e  f o r  t h e  a n i s o t r o p i c  cokes.  

The informat ion  d e r i v e d  from t h e  l a r g e r  samples a t  room tempera- 
t u r e  c o r r e l a t e s  w e l l  w i t h  t h e  h igh  tempera ture  measurements. The 
two s e t s  of  curves  a r e  s i m i l a r  i n  shape and t h e  c r o s s - o v e r  p o i n t  
of  t h e  shr inkage  p e r p e n d i c u l a r  and p a r a l l e l  t o  t he  flow s t r u c t u r e  
o c c u r s ,  w i th in  expe r imen ta l  e r r o r ,  a t  t h e  same tempera ture .  The 
weight  l o s s e s  c a l c u l a t e d  from t h e s e  exper iments  s u g g e s t ,  as one 
would e x p e c t ,  a g e n e r a l  d i r e c t  r e l a t i o n s h i p  w i t h  t h e  v o l a t i l e  con ten t  
Of more i n t e r e s t  i s  t h e  change i n  s l o p e  observed in?he curves  r e p r e -  
s e n t i n g  weight l o s s  a s  a f u n c t i o n  of tempera ture  which occurs  i n  t h e  
7OO0C t o  8 O O 0 C  t empera tu re  range .  This  in format ion  f o r  t h e  two 
a n i s o t r o p i c  and two i s o t r o p i c  cokes i s  g iven  i n  F igure  4 .  

Mercury poros imet ry  measurements o f  10/20M f r a c t i o n s  were used 
- - - - . a 8 s . A A b  L I L G  a ~ ~ ~ , s i b i e  po re  voiume a t  each of  t h e  h e a t  t r ea tmen t  

f o r  pore d i ame te r s  between 6 5  and 1 2 ~  and V1 f o r  d i ame te r s  between 

tc A a t n ~ - ; m -  *I.- - - - - - - -  
t empera tu res .  Pore  volumes were determined i n  two pore s i z e  r anges ,  
V 
13 and 0 . 0 1 5 ~ .  Although a g radua l  i n c r e a s e  i n  V 2  w i t h  i n c r e a s i n g  
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t empera ture  was no ted  f o r  a l l  of  t h e  cokes ,  t h e  r e s u l t s  were u s u a l l y  
e r r a t i c  and appeared t o  r e f l e c t  g r o s s ,  non-uniform s t r u c t u r a l  changes.  
The V i  p o r o s i t y  behav io r ,  as i l l u s t r a t e d  i n  F igure  5 ,  i s  g e n e r a l l y  
t h e  same f o r  both types  of cokes.  There i s  an o v e r a l l  i n c r e a s e  i n  
a c c e s s i b l e  p o r o s i t y  wi th  i n c r e a s i n g  tempera ture .  This  i n c r e a s e  i n  
p o r o s i t y  i s  cons idered  t o  be due t o  t h e  format ion  of sh r inkage  cracks 
r e s u l t i n g  p r i m a r i l y  from l o s s  of  v o l a t i l e s  dur ing  c a l c i n a t i o n .  As 
shown i n  F igure  5, t h r e e  of t h e  fou r  cokes e x h i b i t e d  a r e l a t i v e l y  
ab rup t  i n c r e a s e  i n  p o r o s i t y  beginning a t  about 900°C,  which would 
appear  t o  be i n d i c a t i v e  of a s i g n i f i c a n t  s t r u c t u r a l  change. 

Changes i n  apparent  d e n s i t y  measured by mercury displacement  
were a l s o  determined concurren t  w i th  t h e  p o r o s i t y  measurements. 
F igure  6 d i s p l a y s  t h e  t r e n d s  i n  d e n s i t y  change vs .  t empera ture  f o r  
t h e  two types  of coke s t u d i e d .  The A. D . ’ s  of  t h e  cokes were observed 
t o  remain c o n s t a n t  u n t i l  70O0C-8OO0C a t  which p o i n t  a sudden i n c r e a s e  
i n  d e n s i t y  occurred .  These r e s u l t s  c o r r e l a t e  we l l  wi th  t h e  h o t  s t a g e  
microscopy measurements where a s i g n i f i c a n t  l i n e a r  sh r inkage  of t he  
samples was observed t o  occur  i n  t h i s  tempera ture  range.  

The (002) x - r ay  d i f f r a c t i o n  peak i n t e n s i t i e s  were measured on 
t h e  f o u r  cokes and p l o t t e d  as a f u n c t i o n  of  tempera ture .  The peak 
i n t e n s i t y  measurements r e f l e c t  t h e  p r o g r e s s i v e  o r d e r i n g  o f  t h e  g r a -  
p h i t i c  p l anes  dur ing  c a l c i n a t i o n .  F igure  7 i l l u s t r a t e s  t h e  extreme 
cases  o f  the a n i s o t r o p i c  cokes compared wi th  t h e  i s o t r o p i c  cokes.  
I n  a l l  c a s e s  t h e  peak i n t e n s i t y  appears  t o  i n c r e a s e  a t  a loga r i thmic  
r a t e  w i th  tempera ture ;  however t h e  a n i s o t r o p i c  cokes main ta in  peak 
i n t e n s i t i e s  of  a h ighe r  magnitude throughout  t h e  c a l c i n a t i o n  range 
than  t h e  i s o t r o p i c  cokes.  

n a t u r e  of carbon,  was ob ta ined  f o r  a l l  samples as a f u n c t i o n  of tem- 
p e r a t u r e .  As might be expec ted ,  d-spac ings  were found t o  decrease  
wi th  i n c r e a s i n g  tempera ture .  This  i s  i l l u s t r a t e d  i n  F igure  8, where  
it is o f  i n t e r e s t  t o  n o t e  t h a t  wh i l e  t h e  i s o t r o p i c  cokes have l a r g e  
d - spac ings  a t  t h e  o u t s e t ,  t h e  d-spac ings  of t h e  a n i s o t r o p i c  and 
i s o t r o p i c  cokes a r e  e s s e n t i a l l y  e q u i v a l e n t  by l l O O ° C .  The low i n i t i a l  
d -spac ings  of t h e  i s o t r o p i c  cokes are b e l i e v e d  t o  be due t o  t h e  
amorphous m a t e r i a l  c o n t r i b u t i n g  mainly t o  t h e  background of  t h e  
d i f f r a c t i o n  curve .  Only t h e  h i g h l y  g r a p h i t i c  p o r t i o n s  of t h e  sample 
are d e t e c t a b l e ,  which resu l t  i n  low d-spac ing  va lues  n o t  t r u l y  
r e p r e s e n t a t i v e  of  t h e  e n t i r e  sample.  
material i s  p resen t  i n  t h e  a n i s o t r o p i c  cokes ,  and a broader  spectrum 
of  c r y s t a l l i t e  p e r f e c t i o n  i s  d e t e c t a b l e .  The re fo re ,  t h e  t o t a l  va lue  
o f  t h e  d-spac ings  appears  l a r g e .  Other  experiments  conducted beyond 
t h e  1200°C range have shown t h a t  t h e  d-spac ings  of  i s o t r o p i c  cokes 
main ta in  h ighe r  va lues  than  t h e  a n i s o t r o p i c  cokes,  which i s  i n  
agreement wi th  t h e  c r o s s - o v e r  p o i n t  a t  l l O O ° C  i n  F igu re  8. 

as  a f u n c t i o n  of tempera ture  was very  similar f o r  a l l  cokes.  Th i s  
r e l a t i o n s h i p ,  p re sen ted  i n  F igure  9 f o r  t h e  f o u r  cokes ,  i s  charac-  
t e r i z e d  by a s i g n i f i c a n t  dec rease  i n  s ize  between 500°C and 900OC; 
a f t e r  which a s t eady  i n c r e a s e  is  observed  up t o  1200°C. S ince  the  
Lc va lues  r e p r e s e n t  an average o f  a l l  d e t e c t a b l e  c r y s t a l l i t e s  f o r  a 
given sample,  it is be l i eved  t h a t  t h e  i n i t i a l  decrease  i n  Lc is  due 
t o  t h e  appearance of  a l a r g e  number of  ex t remely  small c r y s t a l l i t e s  
which have grown t o  a d e t e c t a b l e  s i z e .  This  pronounced dec rease  i n  

The d - spac ing ,  which i s  c l a s s i c a l l y  a measure of  t h e  g r a p h i t i c  

On t h e  o t h e r  hand,  l e s s  amorphous 

The change i n  c r y s t a l l i t e  s i z e  a long  t h e  c c r y s t a l l o g r a p h i c  a x i s  
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Lc va lues  a t  60O0C-7OO0C corresponds  wi th  t h e  onse t  of  t h e  r a p i d  
shr inkage  o f  t h e  coke samples .  I t  seems r easonab le ,  t h e r e f o r e ,  t o  
presume t h a t  t h e  coke s t r u c t u r e  sh r inkage  is i n  p a r t  a r e s u l t  o f  
i t s  convers ion  t o  a more compact c r y s t a l l i n e  s t r u c t u r e .  

CONCLUSIONS 

With only minor e x c e p t i o n s ,  t h e  gene ra l  o v e r a l l  s t r u c t u r e  of 
t he  c a l c i n e d  coke is prede termined  i n  t h e  raw s t a t e .  With r e spec t  
t o  m i c r o s t r u c t u r e ,  t h e  dominant r e c u r r i n g  theme running through our  
exper imenta l  d a t a  is t h e  sudden changes which occur  i n  t h e  600'C t o  
9 0 0 ° C  t empera ture  r ange .  The sharp  observed i n c r e a s e  i n  dimensional  
shr inkage  r e s u l t s  from t h e  loss o f  v o l a t i l e  c o n s t i t u e n t s  as well as 
o rde r ing  and growth o f  t h e  p o l y c r y s t a l l i n e  s t r u c t u r e .  The inc reased  
mic roporos i ty  r e p r e s e n t s  t h e  c r e a t i o n  o f  sh r inkage  c racks  a s  we l l  as 
pores  formed due t o  t h e  escape  o f  v o l a t i l e  components. 

I '  
I 

I 
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FIGURE 1 
STRUCTURAL CHANGES ACCOMPANY I NG 
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FIGURE 2 

DIMENSIONAL CHANGES OF AN ANISOTROPIC COKE 
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FIGURE 3 
DIMENSIONAL CHANGES OF AN ISOTROPIC COKE 
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FIGURE 4 

WEIGHT LOSSES VSTEMPERATURE % 
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FIGURE 5 
POROSITY VsTEMPERATURE OF VARIOUS COKES 
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FIGURE 6 
DENSITY vsTEr.lPERATURE 
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D- SPACING vs TE?:IPERATURE 
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FIGURE 9 
LcCRYSTALLlTE SIZE VSTEMPER ATURE 
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LLXAL.ILITY or PETROLEUI: COKES EY PITCI~ 

b:.L. b e l l ,  R - h .  P e t e r s o n  , 

Alcoa Research L a b o r a t o r i e s  
Z;ew I e n s i n g t o n ,  Pa .  150G1; 

I n  llGI w e l l  o v e r  a r x ; i l l i o n  t o n s  of pe t ro leum coke were u s e c  i n  
tilc Unitcc! S ta tes  i n  p a n u f a c t u r i n q  carbon and g r a p h i t e .  For  carbon 
anoc:ts i n  alLr.iriup! s n e l t i m ,  cielayeci petroleum coke mixeu w i t h  coke- 
oven p i t c h  ant; s u b s e q u e n t l y  baked h a s  Seen used almost e x c l u s i v e l y .  
i-iiile many i n v e s t i g a t i o n s  hove been made on t h e  p r o p e r t i e s  r e q u i r e u  i n  
LinLer pitci-.es f o r  carLon e l e c t r o d e s  (1) , t h e r e  are no  d a t a  o n  t h e  
c i : a r ; i c t e r i s t i c s  of cokes  o t n e r  t h a n  i m p u r i t y  c o n t e n t  anu r e a l  d e n s i t y  
t h a t  r e i a t r  t o  artoLc p r o y c r t i e s .  

; , : i c r o s t r u c t u r e s  of a v a r i e t y  of cokes  and c a r b o n s  were reporteci  
Ly ; : a r t i n  am. Sl!ea ( 2 ) .  I n  a petroleum c o k e ,  Kusakin et a l ,  1965  ( 3 1 ,  
observec1 two c i f f c r e n t  t y p e s  of p a r t i c l e s :  " s p h e r u l i t i c "  p a r t i c l e s ,  
\\.?:ici, are i s o t r n ? i c  ancl r e l a t i v e l y  non-Traphi t iz ing  , and a " s t r e a k "  
t y i w ,  wiiich i s  s o f t e r  anu T r a p h i t i z i n g .  ALranski anc Yacknwsky iiave 
tievclopec; met;ioLs. for n c a s u r i n g  i n  t h e  microscope c h a r a c t e r i s t i c  
p a r m e t e r s  f o r  cokc p o r e s  anti walls ( 4 ) .  O t h e r  coke p r o p e r t i e s  such 
a s  i i l icroporc,s i ty  , m a c r o p o r o s i t y ,  anu s u r f a c e  area have been measured. 
2heCey (5) oLtaineLi ii c o r r e l a t i o i l  between a g g r e g a t e  p o r o s i t y  anu 
Lincier reciuirement ci Soderberg  p a s t e  f o r  c o n s t a n t  f l o w a b i l i t y .  €!OW- 
e v e r ,  i n  none o f  tile work i s  a c o r r e l a t i o n  shown w i t h  Laked anode 
p r o p e r t i e s .  

h neasuremcnt  r e l a t e d  t o  p o r o s i t y  b u t  more u s e f u l  i n  assessincJ  
tile e f f e c t  of wic;.ely c i i f f e r e n t  c a l c i n c L  cokes on Soc;erberg anodes is 
t h e  " w e t t a b i l i t y "  b y  p i t c l i .  For t h e  i n v e s t i O a t i o n  r epor t e t i  h e r e ,  an 
e n : p i r i c a l  p rocccure  f o r  P e a s u r i n g  v e t t a b i l i t y  was adapted  from t h e  
e l o n g a t i c n  t e s t  usec; by  qowi tz  e t  a 1  ( 6 ) .  

Procedure 

I n  t n e  rnociifiec; e l o n n a t i o n  t e s t ,  a m i x t u r e  o f  ' 1 0 0  CJ -140 +200 
a,esh ( T y l e r )  c a l c i n c i  ccke  ana 120 9 standarci  p i t c h  ( s o f t e n i n g  p o i n t  
l lO°C,  c u b e - i n - a i r )  v a s  s t i r r e u  i n  a s m a l l  can  a t  1 6 0 ° C  for 2 0  minutes  
w i t h  a s p a t u l a .  C y l i n d r i c a l  specimens 45-50 mi lonn  anu 9 mm a i a m e t e r  
were moltied and c o o l e d .  T h e  specimens were placed on t h e  incl ineci  
b o a r c  i n  an over. a t  160OC f o r  one hour .  A f t e r  c o o l i n g ,  t h e  change i n  
l e n g t h  ( e l o n o a t i c n )  of t h e  specimen was measured anci t n e  p e r c e n t  
e l o n q a t i o n  c a l c u l a t e d .  The less a n  a g g r e q a t e  was wet by the stanciard 
p i t c h  useC i n  t h e s e  t e s t s ,  the g r e a t e r  was t h e  e l o n g a t i o n .  The in -  
c r e a s e 6  e l o n q a t i o n  was caused by t h e  p r e a t e r  amount o f  p i t c h  a v a i l a b l e  
i n  t h e  space  between coke p a r t i c l e s  because of decreaseci a b s o r p t i o n  
i r . t o  the pores .  

Real c i e n s i t i e s  were t ie terminec u s i n q  a Dvcnoneter w i t h  kerosene 
~ .- 

as  tile confii . i ing f l u i d  ( h l c o a  A n a l y t i c a l  ProceCurc 4 2 4 )  . Microporos i ty  , 
was c a l c u l a t e d  a s  l o b  t i n e s  t h e  c i i f f e rence  Letween real  c?ensi ty  and' t h e  
c i ens i ty  w i t : >  mercury a s  t h e  c o n f i n i n ?  f lu i c :  6ivic:eci t y  t h e  real  u e n s i t y .  ' 

Samples were nountec; f o r  microscopic  o!>serv-.tim ty impregnat ing 
a t  1 Y  i n .  kig vacuun w i t h  P;arac;las Type A resir. a n i  :-:ara(ilas hardener  I 

535-  ( 7 ) .  A f t e r  s t a n d i n ?  o v e r n i g h t ,  samples  were cured  a t  70°C f o r  16 
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ikours. l i l e y  were r r o u n e  succcssgve ly  on 320, 2/0 and' 4/0 g r i t  p a p e r s  
on a ? l a s s  p l a t e ,  p o l i s h e u  o n ' a . w h e e 1  w i t h  Ne tau i  6 mu (Guhler ,  L;td.), 
wi th  a1yi:a alumina, and fina1l:r w i t h  gamma alumina. - 

. F o r  p r e p a r i n g  Laked anoues,  an ' agg rega te  p a r t i c l e  s i z e  d i s t r i b u -  
t i o n  was u s r u  having  tile g r e a t e s t  d r y  bu lk  u c n s i t y  as d e t e r m i n e d - i n  a 
series of s e t t l i n g  e x p e r i F e n t s  on a v i b r a t i n ?  t a b l e .  'Cokes  G and W 
were useu  as 46 .5  p e r c e n t ' o f  t h e  t o t a l  a g g r e g a t e  i n  t h e  coarse f r a c t i o n  
w i t h o u t  c rush in? .  The s i z i n g  of coke P was t h e n  a r i ju s t ed  f o r  maximum 
d r y  bu lk  d e x s i t y  of t h e  Llenci. S i m i l a r l y ,  coke A w a s  used  i n  t h e  f i n e s ,  
as r e c e i v e d ,  anic t h e  s i z i n ?  of c o k e  P w a s  a d j u s t e d  f o r  maximum d r y  bu lk  
d e n s i t y .  AnoEes w e r e  made wi th  abou t  ,27 p e r c e n t  p i t c h  ( s o f t e n i n g  p o i n t  
105OC c u b e - i n - a i r ) .  The arnount o f  p i t c h  w a s  a d j u s t e d  so t h a t  a l l  mixes  
hac! t h e  same e l o n g a t i o n  a s  ue termined  on a spec inen  2-1/2 i n .  long  X 
1 i n .  d i a m e t e r  moldec from t h e  g reen  p a s t e .  AnoGes 3 i n .  diameter 
4 i n .  t a l l  w e r e  baked t o  ll)OO°C unde r  3.7 p s i  p r e s s u r e .  Baked a p p a r e n t  
d e n s i t y  (€AI)) anu e l e c t r i c a l  r e s i s t i v i t y  w e r e  de te rmined  on t h e  baked 
s a q l e s .  

R e s u l t s  
T>,c e lo r ina t i cn  t e s t  p rocedure  c f  Bowitz e t  a1 (6 )  , s p e c i f i e d  80 

p e r c e n t  coke p a s s i n g  th rnuqh  a 200 mesh sieve. Lack of  a lower l i m i t  
permit teci  a wide range  i n  p a r t i c l e  s i z e  and s u r f a c e  area of t h e  sample. 
I n  a d d i t i o n , . t b e  f i n e  c j r ind i rg  cou ld  d e s t r o y  much of  t n e  po re  V O l U m e .  
P r e l i m i n a r y  tests denons t r a t cd .  g r e a t e r  r e p r o d u c i b i l i t y  when u s i n g  f i v e  
f r a c t i o n s  between 100 aril 325 mesh ( T y l e r ) .  The s i z i n g  f i n a l l y  chosen, 
-140 +200 mesh, 9ave even better r e p r o 6 u c i L i l i t y .  T o  i n c r e a s e  a b i l i t y  
of t h e  test t o  d i s c r i r . i n a t e  anong cokes ,  t h e  p i t c h  c o n t e n t  w a s  in -  
creesea t o  54.5 p e r c e n t .  T y p i c a l  r e s u l t s  are shcwn i n  Tab le  1 for  t w o  
s u c c e s s i v e  mixes of coke P, wi th  1 3  'specimens molded from each  mix- and. 
t e s t e d  i n  t h e  oven, s i x  a t  a t i m e .  

T a b l e  1 

R e r r o d u c i b i l i t y  of Elonga t ion  T e s t  for Coke P 

E l o n g a t i o n ,  % 
> l l X  1 :lix 2 

T e s t  P- 
60.0 56.0 63.8 64.2 61.5 56.7 
58.1 57.6 63.2 64.0 64.3 59.3 
56.9 55.4 63.2 66.1 61.8 60.1 
53.4 54.0 60.1 61.9 59.5 62.2 
53.8 61.2 - 68.3 64.5 58.7 
61.2 58.7 - 63.7 65.8 64.7 

Average ' 57.2 57.2 62.6 64.7 62.9 60.3 
S t d .  d e v i a t i o n  3.99 2.58 1.66 2.21 2.35 2.34 
Average f o r  Mix 1 58.5% 
Average f o r  t!ix 2 62.6% 

--- -- - 

For  t h e  p a r t i c l e  s i z e  chosen, -140 +200 mesh, t h e  accessible 
p o r o s i t y  appeared  comple t e ly  f i l l ea  w i t h  p i t c h  because  i n c r e a s i n g  mix- 
i n g  t empera tu re  t o  2OOOC and 230°C d i d  n o t  change t h e  amount of 
e l o n g a t i o n .  However ,  t h e  d e g r e e  t o  which p o r e s  i n  l a r g e r  particles 
w e r e  p e n e t r a t e d  by p i t c h  was a f f e c t e d  by n i x i n g  t empera tu re .  
ample, w i t h  a t y p i c a l  anode a g g r e g a t e  (-4 mesh +pan) molded i n t o  1 - in .  

For  ex- 
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d ix i e t e r  ? - in .  ion? c y l i n d e r s  t h e r e  v a s  a narlreu iecrease i n  e l o n g a t i o n  
wi t ! i  ir.creaseci p.ixinq t e n p e r a t u r e  (FirJure 1). A t  t h e  l o w e r  mixing 
terr iperature ,  viscosit : .  o f  ti;c p i t c h  prevented  substantial p e n e t r a t i o n  I 
i n t o  t h e  rer ic te  ycres o f  t1,e l a r y c r .  p a r t i c l e s .  

I 
1 

I 'nree ca1cint:c; Celnyet l  cokes  had e l o n g a t i o n s  from 6 1  t o  227 per-  
c e n t  (TaLle ? ) ,  and t h e  c a l c i n e d  f l u i i .  coke  had a n  e l o n g a t i o n  o f  355 
i w r c e n t .  AnoCe r r o p e r t i e s ,  a s  iiLeasured by baked c iens i ty  and r e s i s t i v -  
i t y ,  v a r i e d  wi th  e l o n r a t i o n  and seemed t o  op t imize  a t  t h e .  interr;,ecliate 
v a l u e s  of  18G and 227 p e r c e n t .  Anode p r o p e r t i e s  i i c i  n o t  correlate  w i t h  
r e a l  L e n s i t y  o r  tiiz n i c r o p o r o s i t y  measurement o f  tile c a l c i n e d  cokes .  i 

Tab le  2 

P r o p e r t i e s  o f  Ca lc ine6  Cokes an6 Labora tory  Anodes I 

!!ace from I l i x t u r e s  w i t h  Coke P i n  t h e  Agqregate  I 

Coke P c; w F 

Process  Uelayeil De laye i  Delayed F l u i d  
Re 2 1 Ue n s  i t y  2.02 1.36 2.03 1.98 
I - i icrcpo,rosi ty  10.9 3 .2  13.3 3.5 
LlonTat ion ,  8 6 1  196 2 27 355 
P.node' P r o p e r  t i e s  
Amount' o f  Coke 

Caked a p p .  
u e n s i t y  1.39 1.44 1.43 1 .41  

P i n  Aggrega te  100 53.5 53.5 57.5 

o ,  ohm-in. .002r, .0025 .0025 .0032, 
I 

Z,iicroscopic examina t ion  Showed t h a t  g reen  de layed  pe t ro leum coke  1 

I n  o r e e n  coke  t h e  p o r e s  were f i l l e d ,  p robably  w i t h  a haruened  residuum 1 
f r o n  t h e  coke r  f e e d ,  which i i s t i l l e d  o f f  d u r i n g  c a l c i n a t i o n  anu ex- t 

( F i g u r e  2) iiad t h e  i n c i p i e n t  p o r e  s t r u c t u r e  of c a l c i n e d  coke  ' ( F i g u r e  3). 

[JosCC t h e  p o r e s  anci t y p i c a l  lamellar  s t r u c t u r e  of c a l c i n e d  coke .  

eacli had a d i s t i n c t i v e  m i c r o s t r u c t u r e .  Coke P ( F i g u r e  3) had t h e  
lar;,ellar anC pore s t r u c t u r e  t y p i c a l  o f  many delayeci cokes .  Coke V: 
( F i g u r e  4 )  naci i n  a u d i t i o n  a c h a r a c t e r i s t i c  mottleci  s t r u c t u r e .  Coke C: 
( F i g r e  5 )  cons is tec i  of f u s e d  s p h e r u l e s ,  each  hav ing  a n  o n i o n - l i k e  
s t r u c t u r e .  Each s p h e r u l e  had a microporous s u r f a c e  c o a t i n q .  

i n  t u r n  f r e q u e n t l y  b e i n 7  made up  o f  c l u s t e r s  of s m a l l  s p h e r u l e s  o f  
i s o t r o F i c  coke .  Some o f  t h e  l a r g e r  p a r t i c l e s  hac: t h e  o n i o n - l i k e  
s t r u c t u r e .  

Although cokes  P ,  C., a n a  F were made by t h e  delayeci coking  .p rocess ,  

The  f luic:  Coke F ( F i g u r e  6) c o n s i s t e d  o f  s p h e r i c a l  p a r t i c l e s ,  e a c h  

, D i s c u s s  i o n  I 

The wide ran9.e of  m i c r o s t r u c t u r e s  i n d i c a t e s  t h e  c i i f f i c u l t y  i n '  I 
t r y i n ?  t o  f i n l  a s i n n l e  c h a r a c t e r i z a t i o n  f a c t o r  f o r  cokes  i n  carbon 
anoLes. i'he w c i t a l i i i t y  t e s t ,  itov::cver , l a r g e l y  overcomes t h i s  ob- 
j e c t i o n  s i n c e  i t  i s  a F i r e c t  n p a s u r e  of how t h e  p o r e  s t r u c t u r e  a f f e c t s  
t h e  r e l a t i o n s h i p  between coke an6 !)inrler. For  exar.Fle,  tiie f l u i u  coke  

r 

\ 
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F,  w i t h  its l i m i t e d  amount o f  s u r f a c e  a c c e s s i b l e  po res  had poor w e t t -  
a b i l i t y  as  judged by e l o n c a t i o n .  Because of t h e  poor  bond between 
coke and b i n d e r ,  f l u i d  coke produced ano6es wi th  h igh  r e s i s t i v i t y .  
T h i s  poor bond i n  anodes was c l e a r l y  d i s c e r n i b l e  i n  t h e  microscope 
(F igu re  7 ) .  At tempts  were made . to  a l t e r  t h e  s u r f a c e  of Coke F t o  i m -  
prove t h e  bond w i t h  b i n d e r  p i t c h .  N e i t h e r  c r u s h i n g  t o  expose f r e s h  
s u r f a c e  nor  chemica l  e t c h i n g  wi th  oxygen was s u c c e s s f u l  (Table  3 ) .  

Table  3 

E f f e c t  of Treatment  o f  Coke F on P r o p e r t i e s  of 
Anodes Conta in ing  20% of Coke F 

Baked R e s i s t i v i t y  
Trea tment  App. Dens i ty  ohm-in. 
Un t rea t ed  1 . 4 1  .0029 
Crushed t o  -100 mesh 1 .40  .0030 
Oxidized a t  1050° t o  1.38 .0031  

6% w t  l o s s  

Th i s  was c o n s i s t e n t  w i t h  t h e  e x p l a n a t i o n  t h a t  po res  i n  t h e  aggrega te  
a c c e s s i b l e  t o  t h e  b i n d e r  are necessa ry  t o  produce a good bond. A f t e r  
coking  of t h e  b i n d e r ,  t h e  b i n d e r  coke and aggrega te  coke a r e  k e p t  from 
s e p a r a t i n g  by t h e  mechanica l  a c t i o n  o f  b i n d e r  coke formed w i t h i n  t h e  
pore  s y s t e m - o f  t h e  a g g r e g a t e .  Coke G formed an e x c e l l e n t  bond wi th  
t h e  b i n d e r  coke ( F i g u r e  E ) ,  p robably  because t h e  b i n d e r  w a s  a b l e  t o  
p e n e t r a t e  t h e  porous l a y e r  c h d r a c t e r i s t i c a l l y  on t h e  s u r f a c e  of t h i s  
coke (F igu re  4 ) .  

Because coke P had a h igh  w c t t a b i l i t y  by b i n d e r ,  t h e  g r e e n  mix 
r e q u i r e d  a h igh  p i t c h  c o n t e n t ,  and t h i s  may have been a f a c t o r  i n  t h e  
h i g h  r e s i s t i v i t y .  The l a r g e  po res  and l a m i n a t i o n s  i n  Coke P may a l s o  
have c o n t r i b u t e d  t o  t h e  h i g h  r e s i s t i v i t y  by p r e s e n t i n g  a t o r t u o u s  p a t h  
f o r  c u r r e n t  f low.  

The c a u s e  of d i f f e r e n c e s  i n  m i c r o s t r u c t u r e  of t h e  de l ayed  cokes  is 
n o t  known. S i n c e  a l l  were made by t h e  same p r o c e s s ,  o p e r a t i n g  
v a r i a b l e s  such as r e c y c l e  r a t i o  cou ld  be a f a c t o r .  The p resence  of 
n u c l e i  seems t o  f a v o r  i s o t r o p i c  coke. For example, n e e d l e  coke, a non- 
i s o t r o p i c  coke is made by a 2-s tep  p r o c e s s  i n  which t h e  mucle i  p r e s e n t  
i n  t h e  f e e d  s t o c k  are f i r s t  removed and t h e  need le  coke is prepared  
from t h e  c l a r i f i e d  f e e d  ( 8 ) .  Even more impor t an t  f o r  Coke G may be t h e  
chemica l  n a t u r e  o f  the f e e d  t o  the de layed  coke r .  I t  h a s  been re- 
p o r t e d  (9  , l o )  t h a t  h e t e r o c y c l i c  s t r u c t u r e s  t end  to  produce i s o t r o p i c  
cokes  and t h e  f e e d  f o r  Coke G had a r e l a t i v e l y  h i g h  n i t r o g e n  c o n t e n t .  

behav io r  i n  anodes of cokes  having a wide v a r i e t y  of m i c r o s t r u c t u r e s .  
Low w e t t a b i l i t y  i n d i c a t e s  a poor  bond may be  expec ted  between baked 
b i n d e r  and coke, and this w i l l  cause h igh  electrical r e s i s t i v i t y .  On 
t h e  o t h e r  extreme, h i g h  w e t t a b i l i t y  may i n d i c a t e  an ex t r eme ly  porous 
coke whose i n t e r i o r  pores u n f i l l e d  w i t h  b i n d e r  can  cause  h igh  e l e c t r i c a l  
r e s i s t i v i t y .  

For carbon manufac ture  t h e  w e t t a b i l i t y  test  can  be used t o  p r e d i c t  
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PETROLEUM COKE HANDLING PROBLEMS 

H. W. Nelson 

GREAT LAKES CARBON CORPORATION 
Carbon Division 
New York, N. Y. 

INTRODUCTION 

Calcined petroleum coke is an i n d u s t r i a l  carbon which is  used 
as  a raw mater ia l  i n  t he  Aluminum Industry and t h e  Graphite Industry. 
From the time it is f i r s t  formed a s  a by-product of petroleum re f in ing  
u n t i l  i t  is  f i n a l l y  processed i n t o  elemen'tal carbon i t  is handled many 
times. Extreme care must  be exerc ised  a t  each po in t  of handling i n  
order t o  preserve t h e  des i r ed  physical s t r u c t u r e  and maintain the re- 
quired degree o f  pur i ty .  This paper reviews t h e  steps used i n  t h e  
carbon indus t ry  t o  achieve these  objec t ives .  

Q u a l i t y  Considerations 

Calcined petroleum coke is a commodity which mus t  be de l ivered  
t o  the  u l t imate  consumer i n  a s i z e  range which w i l l  p e r m i t  an adequate 
proportion of coarse p a r t i c l e s .  This is necessary i n  order  t o  m e e t  
t h e  formulation requirements i n  a carbon pas t e  mix. I t  must a l s o  be 
f r e e  from contamination. 

Formation of Petroleum coke 

Raw petroleum coke i s  a by-product from r e f i n i n g  o f  petroleum 
res idua l s .  One of the procedures by which t h i s  is accomplished is 
known as t h e  delayed caking process. This g ives  a coke with a sponge- 
l i k e  s t ruc tu re .  O t h e r  methods such as the  f l u i d  coking process are 
a l s o  used b u t  the product from t h i s  operation does no t  have t h e  s t r u c t -  
u r a l  p rope r t i e s  requi red  fo r  use i n  t h e  Aluminum Industry or Graphite 
Electrode Industry. 

Figure 1 shows a c ross  s e c t i o n  of a coke drum and i l l u s t r a t e s  
how t h e  coke is  formed i n  t h e  delayed coking operation. The drum is a 
large insu la ted  vesse l  about 20  f e e t  i n  diameter and 7 0  feet high. The 
coke is formed a t  the rate of about  2 f e e t  per hour and proceedes t o  
b u i l d  up during a . 2 4  hour cycle. The mater ia l  a t  the bottom is f u l l y  
polymerized and develops a porous s t r u c t u r e  through which gases and 
l i q u i d s  can pass. The top  l aye r  i n  t h e  cake drum is n o t  f u l l y  poly- 
merized u n t i l  it is subjec ted  t o  h e a t  f o r  a prolonged period of time. 



A t  t he  very top,  s o m e  foam occurs. This foam subsides  during the  
steaming and cool ing cycle.  I t  is  i m p o r t a n t  i n  f i l l i n g  the  coke 
drum t o  avoid any c a r r y  over o f  foam o r  p i tchy  mater ia l  i n t o  the 
vapor l i n e s .  Foam depressants  a r e  used t o  minimize the  amount of  
foam (1). Level i nd ica to r s  a r e  used t o  e s t a b l i s h  the  pos i t ion  of  
the  l i qu id  or  foam i n  the  drum (2). These are operated by t rans-  
mi t t ing  a beam from a rad ioac t ive  source t o  an instrument mounted 
near t he  top o f  t h e  drum. When t h e  l i q u i d  reaches a predetermined 
l eve l  the feed to  the  drum i s  switched t o  an empty drum. A t  t h i s  
t i m e  t h e  f u l l  drum is steamed t o  remove l i g h t  hydrocarbons and 
f i n a l l y  cooled by introducing water a t  t h e  bottom of  the  drum. 

Factors  a f f ec t inq  S iz inq  o f  Coke 

The coke is  removed from the  drum by means of  high pressure 
water j e t s  which opera te  on t h e  p r inc ip l e  used i n  hydraul ic  mining 
of  coal  ( 3 ) .  The procedure used i n  cu t t i ng  t h e  coke from t h e  drum 
i s  extremely important.  I f  it is not  c a r r i e d  o u t  properly t h e  
physical  s t r u c t u r e  o f  the  coke w i l l  be destroyed and the  u l t imate  
consumer would not  have enough coarse p a r t i c l e s  t o  balance o u t  t h e i r  
carbon aggregate formulation. The recommended procedure for  cu t t ing  
t h e  coke is i l l u s t r a t e d  i n  F igu re  2 .  This series of  diagrams shows 
the  s t eps  which should be taken i n  order  t o  g e t  the  maximum amount 
of lump coke needed for fu r the r  processing. 

The f i r s t  s t e p  i s  t o  bore a p i l o t  hole .  During t h i s  operation 
t h e  f i n e  cu t t i ngs  a r e  held i n  t h e  upper sec t ion  of t he  drum u n t i l  the  
ho le  i s  completely through the  bottom. A t  th i s  t i m e ,  a l l  of  the 
center  cu t t i ngs  f a l l  o u t  o f  t h e  drum toge ther  with t h e  water used i n  
cu t t ing .  

The d r i l l  s t e m  is r a i sed  t o  the  t o p  and the b i t  is  changed t o  
a c u t t i n g  head which has nozzles d i r ec t ed  i n  a hor izonta l  manner. 
The p i l o t  hole  is enlarged so t h a t  lumps o f  dislodged coke can f a l l  
f r e e l y  through the  opening. This avoids the  danger o f  a coke bu i ld  
up around the d r i l l  s t e m  which would prevent t he  r o t a t i o n  of  the 
cu t  t ing head. 

Once the  p i l o t  hole  i s  enlarged t h e  s t e m  i s  r a i sed  t o  the 
l e v e l  o f  the coke i n  t h e  drum. The operator  can t e l l  by the  sound 
of the water h i t t i n g  t h e  metal wal l s  when t h e  top  is  reached. A t  
t h i s  t i m e  the stem i s  lowered 3 - 4 f e e t  b e l o w  the. top.  I t  i s  held 
i n  t h i s  pos i t ion  fo r  s eve ra l  minutes u n t i l  the coke is  undercut. 
Then the  stem is r a i s e d  and lowered r ap id ly  within t h i s  sec t ion  u n t i l  
t h e  coke i s  a l l  cu t  from t h i s  layer .  This ac t ion  causes the  coke to 
col lapse  from the  drum wal l s  r e s u l t i n g  i n  l a rge  pieces  which fal.1 
through the  p i l o t  hole .  This operat ion i s  repeated u n t i l  t he  drum 
is completely empty. I n  genera l ,  the  decoking operat ion requi res  
about 3 t o  4 hours depending on the  hardness o f  the  coke. The harder 

I 

I 
I 
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t h e  coke the more t i m e  required.  

Lump coke i n  the  s i z e  range of baseba l l s  t o  foo tba l l s  can 
be handled e a s i l y  i n  conventional conveying systems. 
c in ing  p lan t  a l l  coke is run through a roll crusher  set a t  an 
opening of 4 inches be fo re  it is  fed to the  k i l n .  The tumbling 
ac t ion  in  the  k i l n  r e s u l t s  i n  fu r the r  degradation so t h a t  t he  f i n a l  
product a l l  passes a 1 inch screen with approximately 35 t o  40% re -  
ta ined on a 6 inch screen. 

A t  t he  ca l -  

Procedures t o  avoid Contamination 

There a r e  seve ra l  systems used i n  handling coke after it i s  
discharged from the drum. These a r e  a s  follows: 

A. The coker is mounted over a r a i l r o a d  t r ack  so t h a t  coke 
can be discharged d i r e c t l y  i n t o  open hopper ca r s  or  gon- 
dola cars .  

B. A roll crusher  is placed below the  drum on small t racks.  
. This breaks up the  l a rge  lumps t o  a s i z e  which w i l l  permit 

a coke s l u r r y  t o  be t ranspor ted  by pumping through a pipe 
l i ne .  

C. The coke is d i r ec t ed  t o  a ramp which leads  t o  a p i t .  The 
p i t  may or may not  contain water fo r  fu r the r  cooling of 
the  coke. 

In  each of the'above systems it is necessary t o  provide €or 
t he  recovery of water used i n  cu t t ing .  The areas around the  coking 
u n i t  should be paved. Curbs and r e t a in ing  w a l l s  should be provided 
to  contain any coke sp i l l age .  
ca re fu l ly  planned t o  avoid sand. c l ay  and gravel  from enter ing  the  
system. Drainage from rainstorms should be d i r ec t ed  away from the  
coking un i t .  

The drainage around the  coker must be 

Transportinq and Convwinq Coke 

The f r e i g h t  ca r s  used t o  t r anspor t  t he  coke should be clean. 
Any sand. grave l  o r  i ron  r u s t  w i l l  contaminate the  coke. 
should be ca re fu l ly  inspected before  loading. 

The ca r s  

When coke is unloaded a t  t he  ca lc in ing  p l a n t ,  it is e i t h e r  
conveyed d i r e c t l y  t o  a s torage  silo o r  t o  an outdoor s torage.  When 
outdoor s torage  is necessary,  it is preferab le  t o  provide paved 
areas  t o  minimize contamination. The a c t i v i t i e s  i n  the  surrounding 
area  can a l s o  a f f e c t  t h e  p u r i t y  of the  coke. For example, unloading 
of i ron  o r e  i n  the  v i c i n i t y  w i l l  contaminate the  coke p i l e  under 
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c e r t a i n  wind condi t ions.  

Magnetic s epa ra to r s  a r e  used a t  t h e  ca lc in ing  plants .  
These w i l l  remove sc rap  i ron  from green coke, b u t  w i l l  not remove 
i ron  r u s t ,  s ince  t h e  l a t t e r  is non-magnetic. During ca lc in ing  any 
i ron  oxide ( r u s t )  w i l l  be reduced t o  i ron  which can be removed from 
the  calcined petroleum coke w i t h  magnets. 

Chemical Composition o f  Petroleum Coke 

Green petroleum coke from the  delayed coking process is  
e s s e n t i a l l y  a hydrocarbon. The chemical composition a s  obtained 
by an u l t imate  ana lys i s  is given i n  Table I. Before it can be  used 
a s  a carbon aggregate i t  is necessary t o  convert  t he  green coke in to  
elemental  carbon by a petrochemical process.  This is ca r r i ed  out  
by a pyro ly t ic  t reatment  a t  temperatures around 2300 F. In  t h i s  
opera t ion  t h e  carbon is  not  developed u n t i l  hydrogen is chemically 
removed b y  thermal decomposition. In  t h e  t r ade  t h i s  process is re- 
fe r red  to a s  c a l c i n a t i o n ,  b u t  it is e s s e n t i a l l y  a dehydrogenation 
r eac t ion  which converts  a hydrocarbon i n t o  elemental  carbon as in- 
d i ca t ed  i n  Table I. 

0 

A number o f  changes i n  basic p rope r t i e s  and s t r u c t u r e  a r e  
brought about by t h e  removal of chemically bound hydrogen from the  
hydrocarbons i n  order  t o  produce elemental  carbon. Some of  these  
are as follows: 

A.  The real dens i ty  of green petroleum coke is  1.30. After  
ca lc in ing  t h e  r e a l  dens i ty  i s  2 .07 .  

B .  Green  petroleum coke is an e l e c t r i c a l  i n su la to r  whereas 
elemental carbon (ca lc ined  petroleum coke) is an e l e c t r i c a l  
conductor. For example: 

E lec t r ica l  R e s i s t i v i t y  of Green Petroleum coke is 9 x 
lo6 ohm-inches. 

Electrical  R e s i s t i v i t y  of Calcined Petroleum coke is  
.03 5 ohm-inches . 

C. There are corresponding changes i n  the X-ray d i f f r a c t i o n  
pa t te rn .  

While the re  a r e  profound changes occurr ing during the  chemical 
conversion of green petroleum coke t o  elemental  carbon, the  mineral 
mat ter  a s  indicated by the  ash content  remains e s s e n t i a l l y  unchanged. 
The composition o f  the ash is important as t h i s  w i l l  a f f e c t  t h e  type 
of aluminum metal which can be  produced. 
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The meta l l ic  components which a r e  present i n  the crude o i l  
w i l l  be car r ied  over i n t o  the coke,. 
and nickel  occur in  crude o i l s  i n  varying amounts depending on the 
a rea  of or ig in .  There i s  a c t u a l l y  very l i t t l e  i f  any i r o n  o r  
s i l i c o n  i n  crude o i l .  Iron which is found i n  petroleum coke comes 
pr imari ly  from corrosion of the  pipes and vesse ls  used to process 
the crude o i l .  Additional i ron f inds i t s  way i n t o  the  coke i n  the 
form of r u s t  from r a i l  c a r s  and conveying equipment. S i l i c o n  can 
come from t h e  c a t a l y s t  used i n  re f in ing  a l s o  from sand o r  gravel  
contamination. 

Materials such a s  vanadium 

Iron and S i l i c o n  in  Calcined Petroleum Coke 

The i ron i n  calcined petroleum coke w i l l  normally range 
between .01 and .06%. The s i l i c o n  content w i l l  range between .01 
and .OS. Table I1 shows t h e  car  ana lys i s  of  i ron  and s i l i c o n  i n  
calcined petroleum coke a l l  loaded from t h e  same s t o r a g e  s i l o .  
The samples w e r e  taken from a conveyor belt  with an automatic 
sampler. In t h i s  group of  cars ,  w e  f ind some indiv idua l  cars with 
i ron  as  low as .019% and s i l i c o n  a s  low a s  .010%. This information 
i s  usefu l  t o  t h e  carbon p l a n t  superintendent of  a prebaked plant.  
I f  he  i s . r e q u i r e d  t o  supply anodes which are low i n  i r o n  o r  s i l i c o n ,  
he .can select t h e  c a r s  from a given shipment and segregate  t h e  l o w  
ash mater ia l  i n  a separa te  area of h i s  s torage shed. 

Since t h e  i ron  i n  calcined coke is magnetic, f u r t h e r  re- 
moval can be accomplished a t  t h e  consumers' p l a n t  by using magnetic 
separators .  This w i l l  be most e f f e c t i v e  i f  appl ied a f t e r  t h e  
gr inding operat ion s i n c e  i ron pick up does take  place i n  equipment 
such as  t h e  b a l l  m i l l .  

Several  aluminum p l a n t s  a r e  now asking for  a special grade 
of carbon with very low s i l i c o n .  This is  a d i f f i c u l t  requirement 
t o  cont ro l  a t  an ordinary ca lc in ing  plant .  However, a s u b s t a n t i a l  
improvement can be accomplished by screening t h e  coke and using t h e  
coarse- f r a c t i o n  for  t h e  l o w  s i l i c o n  appl icat ion.  An example of the 
degree o f  improvement which can be achieved by this method is  shown 
i n  Table 111. The s i l i c o n  bearing material is concentrated i n  t h e  
f i n e s  (minus f"). The plus  f" f r a c t i o n  contains only 40% o f  the 
t o t a l  s i l i c o n  o r  .008%. 



SUMMARY 

In  summarizing the  information j u s t  presented, we f ind  
t h a t  a reasonable amount o f  care  should be exercised a t  each step 
of  handling petroleum coke. I t  is  recongnized t h a t  some of the 
physical  p roper t ies  ( s i z ing )  o f  a calcined coke can be  destroyed 
i f  t he  cu t t i ng  opera t ion  i s  not  ca r r i ed  ou t  properly. . A l s o  sources 
of  contamination should be avoided i n  order  t o  keep the i r o n  and 
s i l i c o n  content w i th in  required l i m i t s .  Where a carbon aggregate 
with low s i l i c o n  o r  low i ron  is required a se l ec t ion  can  be made 
from a given shipment i f  t he  mater ia l  is de l ivered  i n  r a i l  cars .  

. .  
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TYPICAL ULTIMATE ANALYSIS OF 
GREEN PETROLEUM COKE AND CALCINED PETROLEUM COKE 

Green Calcined 
Petroleum Coke Petroleum Coke 

(Polymerized Residual) (Pure Carbon) 

CARBON 91-80 98.40 
HYDROGEN 3.82 0.14 
OXYGEN 1.30 0.02 
NITROGEN 0.95 0.22 
SULFUR 1.29 1.20 
ASH 0.35 0.35 
CARBON-HYDROGEN RATIO 24 910 

TABLE II 

ANALYSIS OF CALCINED COKE SHIPMENTS 
CARS LOADED FROM PRODUCT SILO 

. ORDER OF LOADING ASH IRON SILICON 
CAR NO. % % % 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

.24 

.21 

.40 
.42 
.34 
.24 
-23 
.33 
.41 
.26 

TABLE 111 

.019 .010 
-021 .012 
.065 .028 
.073 .022 
.043 -025 
-030 .010 
.020 .015 
-035 .025 
-065 .015 
.041 .021 

EFFECT OF SCREENING 
ON SILICON CONTENT OF 

CALCINED PETROLEUM COKE 

SIZE % SILICON 

Run of Kiln 

Plus % Inch Fraction 

Minus % Inch Fraction 

.021 

.008 

.022 
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. INTRODUCTION : 
The nianufacture of aluminum by the F1all-Heroult process rcquires nearly 

This onc-half pouiid of high-grade carbon for each pound of aluminum produced. 
carbon must contain a niinimum of mctnllic impurities to prevent contamination 
of the aluminum produced in the process. For  this reason raw materials used 
. s the anode nianufacture for the aluminum industry have stringent purity speci- 

Petroleum coke represents a large volume source of relatively pu re  
. ~ r l m ~  and is used extensively throughout the aluminum industry as the material 
cations. 

choice for anode manufacture. 

Most .of t h e  petroleum coke that is used in electrode manufacture is pro- 
, iuced in  delayed cokers where the.  product is subsequently calcined in rotary 
kilns to temperatures of 1200°C - 143OOC'. 
1:cmpcrature thc coke has obtained dimensional stability and electrical. conductivity 
sui table  for its use as an electrode material. 
iisually has a particle s ize  adequate for its use in the manufacture of large mobo- 
lithic electrodes. A limited amount of petrolcum coke produced i n  fluid bed 
cokers is used in t h e  manufacture of aiiodes for the  aluminum process. 
zoke is sometimes used a s  a supplement to delayed petroleum coke to produce 
4ectrodes.  The absence of large s ize  particles in fluid coke generally limit 
iks use in  large electrodes. 
..:e by the delayed coking of Gilsonite2. Recently, the Nittetsu Chemical 
&,::ustry of Japan completed the installation of a delayed coker for the coking of 
.rial tar  pitch for electrode use3p4. Some coal tar pitch coke is manufactured 

This coke i s  generally 
~~.>auced  in coke ovens5. 

. 
After heat treatment to this 

Coke produced by t h i s  process 

Fluid 
' 

A limited amount of coke is produced for electrode 

Zurope to supplement the  supply of petroleum coke. 

Coke derived from coal had not been used a s  a general source of anode 
? r b n  irk alumina reduction cells bccause of its high ash content. Investigators 

1 I - J Z  siudicd methods of removing mineral matter from.coal,s-ll and coke from 
tTLi'. .rjc:! coal l?as been used on a commercial scale in at least two  case^^*-^^. 
.I I ! C T C .  were war-time uses that were discontinued when'adequate supplies of high- 
~ i x k  petrolcum coke were available. 

. .  . 

Because of possible future shortages of electrode grade petroleum coke, 
W L  ; JL 'C  studied the  coking of purified solutions of coal in  creosote oil as a 
. . . ~ : C J S  for  producing an alternate source of electrode grade coke. A pilot 
i.;..:i- W A S  constructed at Reduction Research Laboratory where high-volatile ' 

t i i dminous  coal was mixed with heavy residue creosote oil and digested under 
?!-.-.ss~i:e to give a solution of coal. The solution was treated with a combination 

1 
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of disc and solid bowl ccntrifugcs to yield 11 solution of coal that had bccn frecd 
froin its niincrd mutter and fusnin .  Most of thc solvcnt oil was rcmovcd from 
the coal by distillation in a continuous still and the piLch- likc rcsiduc rcinaining 
from the distillation was cliargcd as  a liquid to a cokc ovcn whcrc tlic rcrnaining 
solvent and volntilc nmttcr wcrc' rcrnovcd to Producc a calcincd clcctrodc grade 
c o k ~ ' ~ .  The princip'il proccss stcps arc shown diagrammatically in Figure 1. 
'This paper will bc conccrncd primarily with our cxpcricncc in opcrnting a 
laboratory coke ovcn to produce calciiicd coke. 

Whilc much cxccllcnt work has bccn puhlishcd on thc solubility of coal in 
differciit s 0 1 v c n t s ~ ~ - ~ ~ ,  little has bccn publislicd a b u t  coking of such solutions to 
yield coke. 
delaycd cokcrs and that Gilsonitc was bciiig cokcd in delaycd cokers to produce a 
high-grade clectrode cokc, but we wcrc unccrtain that a product as aromatic a s  
dissolved coal could be satisfactorily handlcd in a dclayed coker. The Koppers 
Company in the United States had coked coal tar pitch in coke ovens; coke ovens 
a re  being uscd to cokc coal tar  pitch in Russiaz4 and Germany; and we were aware 
that the coal solution produced in the Pott-Broche process in Germany during 
World War I1 had been coked in slot ovens13. 

We wcrc awarc that most of the pctroleum coke w a s  produccd in 

The product of a delayed coker is not satisfactory for use in an alumina 
reduction cell without further heat treatment to remove the residual volatile 
matter, obtain propcr elcctrical conductivity, and insure dimcnsional stability 
of t h e  coke particles at high temperature. 
coker is heat trcated or  calcined to a temperature of about 1300°C before use in  
alumina reduction cell anodes. 
require the use of a calciner. W e  elected to combine the two steps in our pilot 
plant and construct the only coker that we knew of capable of operating at  temper- 
atures of 1300°C - the coke oven. 

Gcncrally, the  coke from the delayed 

Thus,  the use of a delayed coker would also 

PROCESS DESCRIPTION 

The Bureau of Mines had reportedz5 on a coke oven heated with silicon 
carbide glow bars of the approximate size that we needed. 
idea of this coke oven as our model, with the exccption that the coke oven we 
constructed was gas fired and the sole of the oven was heated by the passage of 
hot gas from the flue to the exhaust stack. The oven was fired symmetrically 
with burners at four corners of the flues, and the flues were baffled to provide 
uniform heat distribution for the entire surface of the rcfractory. The coking 
slot was 17 inches wide by 48 inchcs long by 48 inches high and was tapered one- 
quarter inch from the pusher end to t h e  coke end over the length of the slot. 
The slot walls were silica refractory of the type used in commercial coke ovens 
while the sole was super-duty fire-clay refractoiy. 
cast with super-duty castable refractory. Tongue and groove construction was 
used to maintain better seals in the refractory joints. The oven was fired with 
four 158,000 Btu per hour capacity gas burners. The system was protected 
against high and low gas prcssure and blower failure. Because the refractories 
were incandescent during operation, flame failure protection was regarded as 
superfluous. Figures 2 and 3 a r e  diagrammatic sections through t h e  coke oven. 

We used the general . 

The roof and doors were 
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Cokes from thc solution of two Jiffcrcnt coals were studicd in thc coke 
ovcn. 
Black Crcck Sc.iin in Northcrii r\h~hUlld and thc other,  tlic No. 9 Scam in Western 
Kentucky. 
each charging, thc door friccs wcrc clc:lncd, seated on a s t rand of asbcscos 
rope and s c d c d  with a rcfractory ccmciit. 

Both of tlicsc coals \WIT high volatile bituiiiinous coals. One was the 

Prior to Typical analysis of thcsc coals arc shown in Tablc 1. 

Stcam was introduced into thc ovcn slot  to rcducc thc surfacc tcnipcrature 
of tlic rcfructorics bcforc charging thc dissolved coal to thc ovcn. 
done to niininiizc the ainount of carlmn-black formed by cracking of thc coal 
solution on tlic incandcsccnt rcfractory surfnccs. 
continuous still where part of the solvcnt was rcmovcd by distillation, thc dis- 
solved coal solution was fcd into thc top of tlic coking slot and the volatile matter 
and gases that wcre flash cvaporated wcrc passcd through a condenser. T h e  
condensed vapor was collected in a solvcnt rccovcry tank whcre it was recom- 
bincd with the solvent fractions removcd by tlic continuous still. 

This was 

After passing through the 

T h e  hot coal solution was charged at a rate of about 2 - 3 gallons per 
minute into thc slot of thc coke ovcn. 
320"C, it had coolcd to about 200°C in the piping by thc time it had reached the 
coke oven. 
flushed with a spray of water to wash away thc copious quantities of carbon-black 
that wcrc gcncratcd. 
water spray  was discontinued in thc condcnscr, and the condensing oil was turned 
into the solvcnt rccovery tank. At this point thc flow rate was reduced to about 
1 gallon pe r  minutc. A t  a prcdetcrinincd volume, usually 300 gallons, the feed 
rate to thc cokc ovcn was dccreased to a b u t  0.5 gallon per minute for  the 
remainder of the usual 400 gallon charge. At that point the coke oven was 
removed from t h e  feed circuit and the lines and still were flushed with recovered 
oil. T h e  oven was obscrvcd for about one hour after the completion of the 
charge for  excessive frothing. 

Malfunctions in the operation, such as oven door leakage or excess oven 
pressure, were corrected as they occurred. 
condenser and prevent excess pressure  from developing in the oven, the carbon- 
black formed at the beginning of the charge soon sealed the doors and cracks in  
the flues, and the operation settled down to a relatively smoke-free condition. 
Figure 4 i l lustrates typical temperature cycles during the operation of the coke 
oven. 

While this material left the still at about 

During the f i r s t  few minutes of the charge thc condenser was 

When thc first condcnsation of oil was observed, the 

If care was taken to clean the 

After completion of the chargc, thc cokc was licld in thc ovcn for an 
additional 8 - 10 hours to pcrmit tlic cokc to obtain a uniform tempcrature of 
1250°C - 1300°C. 
on the coke surface through an observation port in the top of the furnace. 
any work was done on the ovcn, a valve was closed between the condenser and the 
receiver tank. 
'rom igniting any accumulated combustible gases in the tank. 

This teinperaturc was mcasured with an optical pyromcter 
Before 

This  was done to prcvent hot gases and sparks  from the oven 

f 

r 

I ,  

I 
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Ar the completion of the coking cycleI the doors wcrc lifted and c?ie coke 
'.'US pushed from t h e  oven with a mechanical ram. During pushing the cokc was 
r!ucnci1cd slightly with watcr and pcrmittcd to evaporate to dryncss. 
f rom [hc ovcn thc coke was in large strong, angular lumps with some anisotropic 

A s  removed 
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structure. 
cokc a rc  shown i n  Tnb lc  11. 
cells showcd t h c  cokc [o bc  satisfactory in  cvcry rcspcctZG. 

Propcrtics of thc cokcs coniparccl with t h a t  of n typical pcu-oleum . 
Use of tlic cokc i n  anoclcs of comnicrcial rcductioii 

DISCUSSION 

As the gascs from tlic cokc oven wcrc vcntcd to tlio ntmosphcrc and the 
liquid product rccombincd with thc solvcnt oil rcniovcd by distillation, it was no t  
practical to obtain ;I maccrial balance on thc coking opcration. I--lowever, work 
done by thc Bureau of Mincs  from thc coking of t h c  Black Creck conl in retorts 
at lOOOoZ7 provides sonic insight into tlic product distribution that could bc 
expected from this coal on cnrbonimtion. This information is shown in Table 
111 along with thc cokc yield from a scr ics  of cokc ovcn r u n s  involving some 20 
tons of conl from the Black Creck Scani. A b u t  44 pcrccnt of t h e  original coal 
is converted to calcined cokc that would bc usable in  aluininum cell  anodes. 
The coke obtained from coking t h e  purified coal solution, when combined with the 
coke obtained from coking the centrifuge sludgc, agrees within about 2 percent of 
the amount of coke predicted by the  Bureau of Mincs  for th i s  particular coal. 
This would ind,icate that t h e  molccular size distribution of the coal has not been 
greatly altered by solution. 

. 

Normally, whcn we  open the cokc ovcn doors, we found that the coke 

In some cases when it was 
charge had s h r u n k  and pullcd away from the coke oven walls. 
be pushed from the  oven with very  little cffort. 
necessary to intcrrupt the charge to t h e  coke oven for any prolonged length of 
time (two h o u r s )  we found that t h e  coke charge was s t u c k  tightly to the oven wall 
and w e  were unable to remove t h e  coke w.ith the pusher. In these cases it was 
necessary to break the coke from the oven with steel bars. W e  adopted the 
practice of charging t h e  solution to the oven continuously and if w e  were forced to 
interrupt our charge sequence for  more than an hour w e  terminated the charge at 

The  charge could 

that point and coked a partially filled oven. . .  

Our experience has shown that we. can produce a satisfactory electrode 
coke from high-volatile bituminous coal through a solution process followed by 
coking in a slot-type coke oven. 
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, TAULE I. 

ANALYSES OF COALS USED IN INVESTIGATION 
OF ELECTRODE COKE PROM COAL 

'\ 

l Kentucky No. 9 
Coal Seam \ Black Creek Coal Seam 

Dry, Dry, 
As Received Ash - Frce  As  Received Ash-Free 

\ Moisture 
V.  M. 
Ash 

'H2.  5.4 5.4 5.1 5. 6 

C ' 79.8 84.4 72.5 ao. 5 

N2 1.7 1.8 1 .5  1 .7  

0 2  9.5 7.6 7.9 8.8 

S . 8  . 8  3.1 3.4 

Anthraxylon 45 65 

Trans. Attritus 38 27 

Opaque At:ritus 7 5 ,  

Pus a in 10 3 

B. t. u. 14,310 15,150 13.060 14,500 I 

Source: Bureau of Mines. Bull. 550. 
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FIGURE 3. EXPERIMENTAL COKE OVEN - TYPICAL CROSS 
SECTION THROUGH FLUES AND COKE CHAMSER 

(VIEWED FROM COKE END) 
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TABLE 111. 

PRODUCT YIELD PROM COKING OF 
BLACK CREEK COAL 

~~ 

Found I 

COKE 44.2% 

CENTRIFUGE RESIDUE COKE 

GAS 

TAR LIQUOR. 

AMMONIA 

TAR 

LIGHT OIL 

0.2% 

6.0% 

1.3% 

24.4% I 

~~~~~ ~ ~ ~ ~~~ 

'Fieldner, A. C. , et. a l . ,  Bureau of Mines Technical Paper 531, 1932. 

I 



PEABODY CONTINUOUS COKING PROCESS 

VAUGHN MANSFIELD - VICE PRESIDENT - RESEARCH 

PEABODY COAL COMPANY - ST. LOUIS, MISSOURI 

i 
\ 

\ 

I 
/ 

\ 

ABSTRACT 

The paper presents a description of the Peabody Continuous Coking 

Process  which produces coke from coal in a continuous operation. Carbonization 

i s  initiated on a moving bed grate carbonizer. 

a i r  a t  450 F is percolated through the moving bed. 

A controlled flow of preheated 
0 

Retention time in t h i s  pre- 

treatment furnace i s  normally about 18 minutes. The product from the moving 

bed containing 7-1070 volatile matter is discharged to a shaft furnace where de- 

volatilization i s  completed. 

with inert  gas which i s  generated in the process.  

The hot coke product from the shaft furnace is cooled 

By-product gas from the moving 

bed carbonizer and shaft furnace a r e  combined and used a s  energy for steam 

generation or  for other purposes. Utilization of the by-product energy is essential 

to the economics of the process.  

INTRODUCTION 

The original development work on carbonization of coal on a moving 

bed furnace was done by Mr. A. H. Andersen of Shawinigan Chemicals, Ltd. a t  

Shawinigan Falls, Quebec in the late 1930's. During the pre-war period, Shawinigan 

put into operation a numbe,r of moving bed carbonizers to produce coke for use in 

carbide furnaces. ' 

Study of this original work and test reports on a similar installation 

in South Africa in the middle 1950's indicated certain limitations a s  to the size of 



coal that could be carbonized on a moving bed carbonizer without excessive burn- 

ing of fixed carbon a t  the expense of coke yield. 

1 
In 1957 Peabody Coal initiated the research and development that ' 1 

resulted in combining a moving bed carbonizer with a shaft furnace. Early test 

work indicated that to make a totally enclosed continuous system, inert  gas ! 

cooling o r  quenching of the product was required to prevent a i r  pollution. 

1. Andersen, A .  H. and N .  R. Fasken 

Carbonization. U. S. Pat.  2,380,930 

August 7 ,  1945 

Andersen, A.  H. and J. E. Renaud 

Coke Production. U. S. Pa t .  2,209,255 

July 23, 1940 

2 .  LaGrange, C. C. Journal of the South African Inst. of Mining 

& Metallurgy 

' I  

October, 1956 v 57 No.  3 pp 99-114 
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DESCRIPTION O F  PROCESS 

Figure I shows a flow sheet of the continuous coking process. Coal 

is fed uniformly by a layer loader onto a moving bed grate carbonizer where the 

coal i s  subjected to a furnace environment of 1800 F to 2000 F. 

coal i s  automatic a s  it enters the furnace on the top layer of the coal bed. 

bonization through the plastic state proceeds downward a s  a controlled amount of 

preheated a i r  (450 F) i s  percolated upward through the moving bed. 

time in this pretreatment furnace is normally 18 minutes and timed to prevent 

over-carbonization of the top layer of coal. 

0 0 
Ignition of the 

Car- 

0 
Retention 

To prevent excessive carbonization of the top layers ,  the timing and 

the amount of preheated a i r  is controlled so that 7% to 10% volatile still  remains 

in the product a s  it i s  discharged into the shaft furnace. 

pleted in the shaft furnace without air by retention of the product in the shaft 

furnace for one hour. 

Devolatilization i s  com- 

. 

0 
At the bottom end of the shaft furnace the hot coke product (1600 F 

0 
to 1800 F) i s  discharged by gravity into an inert  gas cooling unit where the coke 

product i s  cooled to a temperature of 250 F. 

in the combined shaft furnace and cooling system. 

closed and prevents a i r  pollution from dust particles or gases. 

0 The inert  gas is self-generated 

This system is totally en- 

The by-product gas generated in the moving bed carbonizer and the 

shaft furnace a r e  combined a s  an energy supply for  steam generation o r  for 

other heat-using processes. 

equivalent to CO gas )  is essential to the economics of the process,  particularly 

with high volatile coals. 

The use of the by-product gas (approximately 
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Yo Fixed Carbon 

70 Volatile 
70 Moisture 
'$0 B. T. U. 
% Sulfur 

\ Yo Ash 

\ 

\ 1 x 1-1/2 
I 518  X1 
1 

, 112 X 518 
1/4 X 112 
-1/4 

TYPICAL ANALYSIS OF PRODUCT 

FOR 

ELECTRIC FURNACES 

Coal Input 

Chemical Analysis 

54.59 
4.33 

37. 71 
3.37 

13,965 
1. 03 

Screen Analysis 

Percent  

6 .9  
21. 5 
14.2 
32.0 
25.4 

Coke Output 

Chemical Analysis 

89.52 
8. 76 
1. 72 
. 00 

13,035 
.90 

Screen Analysis 

Percent 

3. 9 
ll. 7 
23.6 
53.3 
7 . 5  



ENERGY BALANCE O F  PEABODY PROCESS 

Input Output 

M - B. T. U. M - B. T. U. 

Energy in Co.al 

Energy Reporting into Coke 

Energy Reporting into Steam 

Total Energy Recovered in Products 

Energy Conversion Efficiency. 

27. 92 

15.50 

10.44 

2 5 . 9 4  

92. 9% 

, 
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ECONOMICS OF THE PEABODY COKING PROCESS 

'\ 
\ 

'\ 

Figure 2 was prepared from extensive tests and operating data ob- 

tained a t  the Columbia, Tennessee plant, which has been in continuous production 

for the past eight years.  

coke plant and the return on investment was calculated at  16% before taxes. 

Capital cost data was based upon a 500-ton per day 

FLEXIBILITY O F  THE PROCESS 

1. The process variables of temperature, speed of carbonization, air 

to coal ratio, retention time, can be controlled over such a wide range of environ- 

ment that practically all classes of coal can be carbonized. ' 

2. The process can produce a bone dry coke product with a density 

range from 9 pounds per  cubic foot to 32 pounds per cubic foot. 

3. 

4. 

A blend of coals is not required to produce a suitable coke. 

The continuous coking system is totally enclosed and can operate 

without dust o r  without objectionable air pollution. 
I 
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